Feasibility of high steam utilization operation with high current density in solid oxide electrolysis cells (SOECs) was investigated. Although higher reactant utilization leads to high efficiency and flexibility in SOEC systems, it increases the concentration polarization resistance, consequently decreasing the limiting current density, namely, decreasing the production rate of the energy carrier. To decrease the concentration polarization resistance, a porous structure-controlled NiO and Y 2 O 3 -stabilized ZrO 2 (YSZ) composite substrate prepared via an extrusion process was therefore used for a fuel electrode of an SOEC. After reduction of the fuel electrode, the porosity reached 54 vol.% and Ni, YSZ, and pores were uniformly distributed. In electrochemical measurements, the SOEC showed a high current density of 1.43 A cm ¹2 at the thermo-neutral voltage at 800°C using a mixture of 20% steam in hydrogen (feed rate for excess supply). At high steam utilization of 90% and a resulting partial pressure of residual water of 0.02 atm, the SOEC could operate even at a high current density of 1.25 A cm
Introduction
Renewable energy resources such as photovoltaic and wind power have attracted increased interest, and consequently their effective use is being reviewed. The global widespread use of these resources requires efficient energy storage systems because their power output depends on the local climate. In particular, high efficiency energy conversion technology that produces energy carriers, such as hydrogen, hydrocarbon, and ammonia, is the key to long-term storage of these energy resources and to achieving a future sustainable society. 1) In terms of conversion efficiency, electrolysis is an attractive method for energy carrier production. Compared with current commercial electrolyzers that operate only at low temperature (<100°C) using alkaline or proton exchange membranes for hydrogen production, 2),3) high temperature (600900°C) solid oxide electrolysis cells (SOECs) can potentially achieve higher performance. 4)8) High operating temperature of SOECs leads to a relatively low electrode overpotential even without the use of any noble metal catalyst for electrochemical reactions. Furthermore, SOECs have tolerance against CO and can generate syngas with carbon. Although SOECs have these merits, the actual system performance is mainly dominated by single cell performance. To minimize the system size with keeping high efficiency, a high current density operation of an SOEC yielding a high production rate of energy carrier is required at low overpotential. Another critical factor is reactant utilization, defined as the ratio of electrolyzed reactant to input reactant in an SOEC. 9)11) Higher reactant utilization enables simplification of the heat-management system and enables higher partial pressure of energy carrier in the output gas, resulting in a minimized and flexible system. Also, the primary importance is that higher reactant utilization to eliminate water is essential for producing valuable liquid energy carriers such as methanol and dimethyl ether, in combined systems by low-temperature synthesis using a catalyst.
12)14) One of final goals of our research here is to create liquid energy carriers via SOEC technology.
In the present study, we report feasibility of high reactant utilization operation at high current density, i, in steam electrolysis using a fuel electrode-supported SOEC. The steam utilization, U steam , is determined from the ratio of electrolyzed steam to supplied steam. Porous fuel electrodes have resistive factors against the gas diffusion, resulting in the difference in water partial pressure, p H2O , between the electrode surface and the electrode/electrolyte interface under electrolyzing condition. This phenomenon is called concentration polarization and limits U steam and i. Thus, improvement in gas diffusion property of a fuel electrode is needed to achieve high U steam at high i; in particular, the porosity is a crucial factor to facilitate the steam and hydrogen transport. 15)20) Although the concentration polarization resistance of a cell is generally lower than the other internal resistances, it often dominate cell performance in an operation at high U steam and high i. Using an extrusion process that we previously developed that can finely control the porous structure of electrode substrates, 21) we therefore fabricated a planar NiO and Y 2 O 3 -stabilized ZrO 2 (YSZ) composite substrate having a high porosity. The electrochemical performance of the SOEC using this substrate for the fuel electrode was then evaluated.
Experimental procedures

Fabrication of fuel electrode-supported SOEC sample
The SOEC sample used here was a planar fuel electrodesupported type using a NiO-YSZ porous substrate prepared by extrusion process. NiO powder (Sumitomo Metal Mining Co.), YSZ powder (TZ-8YS, Tosoh), graphite carbon, and cellulose at a weight ratio of 60:40:23:11 were mixed with a binder and a proper amount of distilled water in a vacuum chamber. The mixture was then extruded through a metal mold (0.7 mm thick, 65 mm wide) using a screw type extruder, yielding a NiO-YSZ green sheet for a fuel electrode substrate. After cutting the sheet into a button cell size (32 mm diameter), the sheet was presintered at 1250°C for 1 h. The detailed preparation procedure of the substrate has been described elsewhere. 21) An electrolyte paste was prepared by mixing YSZ powder (TZ-8Y, Tosoh) in ¡-terpineol solvent with ethyl cellulose 45 cp, a dispersant, and a plasticizer. The electrolyte paste was screenprinted on the fuel electrode substrate, and then the electrolyte and fuel electrode substrate were co-sintered at 1350°C for 3 h. A Ce 0.9 Gd 0.1 O 1.95 (GDC) paste for interlayer was prepared from GDC powder (Anan Kasei Co.) and the same ingredients as in the electrolyte paste. The interlayer paste was screen-printed on the electrolyte, and then sintered at 1300°C for 1 h. For oxygen electrode, a paste was prepared using La 0. 
Measurements
The microstructure of the SOEC was observed using field emission scanning electron microscopy (FE-SEM, JSM-6330F, JEOL) after the electrochemical measurements. The porosity of the fuel electrode was determined by the Archimedes method. Current density-cell voltage (iV ) measurements and electrochemical impedance spectroscopy (EIS) for the SOEC were performed using a gaseous mixture of 20% H 2 O in H 2 (through a water bubbler) as feed to the fuel electrode and air as feed to the oxygen electrode. Performance of the SOEC at high U steam was evaluated by measuring V for 1 h while constant i was applied. U steam was estimated from the ratio of the electrolyzed steam calculated from i and the supplied steam. A dew point meter (EE33, TEKHNE Co.) was used to confirm the humidity of the inlet gas during these electrochemical measurements. An electrochemical interface (SI-1287, Solartron) and a frequency response analyzer (SI-1255B, Solartron) were used for these measurements. The obtained impedance spectra were fitted using ZView (Scriber Associates) with an equivalent circuit model. m. Also, Ni, YSZ, and pores appear evenly distributed within the fuel electrode. These results suggest that the electrode microstructure was well controlled by the extrusion process. The porosity of the fuel electrode reached a high value of 54 vol.%. Although the summed volume of Ni and YSZ was only 46 vol.%, the electronic and ionic conductivities of the fuel electrode might be maintained due to the uniform distribution of Ni and YSZ. The uniform pore size distribution observed here is an ideal structure to increase U steam because the gas diffusion process in an electrode is limited by relatively small pores in the pore size distribution. 22) In summary, our fabrication process successfully yielded a fuel electrode with high porosity and uniform pore size to achieve extremely high U steam in electrolysis. Figure 2 shows the iV curve for the SOEC in the temperature range of 700 to 800°C using a gaseous mixture of 20% H 2 O in H 2 at a feed rate of 100 standard temperature and pressure (STP) mL min ¹1 (before through a water bubbler) and air at a feed rate of 100 STP mL min
Results and discussion
Microstructure of SOEC
Electrochemical performance of SOEC
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. Although higher humidified condition (>50%) is generally applied to a fuel electrode in SOECs, 8) the humidity was set at a relatively low value of 20% in our measurements to clearly evaluate the effect of the concentration polarization on cell performance. In general, SOECs can operate reversibly in both electrolysis and fuel cell modes. 23) To reveal the electrode behavior, the iV curve in fuel cell mode was also measured. Here, the feed rate of the supplied gaseous mixture to the fuel electrode was a sufficiently high value for electrolysis to avoid the depletion of H 2 O at the surface of the fuel electrode. To evaluate U steam in electrolysis, it is important to obtain the 
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theoretical open-circuit voltage (OCV) because the internal leakage current across the electrolyte and the leakage oxygen from outside of the fuel electrode produce H 2 O at the fuel electrode side, leading to error in the U steam measurements. The measured OCVs were 1.032, 1.018, and 1.006 V at 700, 750, and 800°C, which are the same as the theoretical values, indicating that proper U steam could be evaluated in our SOEC. When operating temperature was 800°C, the SOEC showed high performance; i reached 1.43 A cm ¹2 at the thermo-neutral voltage. This i was higher than the previous reported values even under the lower humidified condition, 6),8), 24) indicating that our fuel electrode realized good gas diffusion property with keeping electrochemically active area. The gradient of the iV curve in electrolysis mode increased with increasing i, and was particularly steep at i > 1.5 A cm ¹2 , whereas that in fuel cell mode was relatively linear over the entire range of i. This might be a consequence of concentration polarization due to a low water partial pressure, p H2O , compared with hydrogen partial pressure, p H2 , in the supplied fuel. Also, because the oxygen electrode performance at high i in the electrolysis mode is often irreversible to the fuel cell mode, 23) the increase in V in the electrolysis mode might be attributed to the oxygen electrode reaction. Figure 3 shows the impedance spectra for the SOEC at different V in electrolysis mode. The arcs, which represent the electrode polarization resistance including both the fuel and oxygen electrodes, increased as V increased. This agrees with the iV measurement result, namely, electrode performance decreased with increasing i.
To precisely estimate the internal resistances in the SOEC, the impedance spectra were analyzed using equivalent circuit model fitting. Figure 4 shows the resulting area-specific resistances (ASRs) and the equivalent circuit model, consisting of four resistances, R ohm , R 1 , R 2 , and R 3 , an inductance, L, three constant phase elements, Q 1 , Q 2 , and Q 3 , where R 1 , R 2 , R 3 , Q 1 , Q 2 , and Q 3 are numbered in order of the frequency ranges from high to low. This is a typical equivalent circuit model used to analyze the overall cell resistance. Because the difference in frequency between each resistance is needed one or two order magnitudes to separate resistances clearly, three CPEs (or capacitances) are generally used. 21 ),25),26) Considering the frequency ranges of the measured ASRs, we attributed each ASR as follows. 27 ),28) R ohm represents the ohmic resistance mainly due to ionic conduction of the electrolyte and interlayer, and R 1 and R 2 represent the activation polarization resistance of both the fuel and oxygen electrodes. R 3 can be attributed to the concentration polarization resistance of the fuel electrode, although because the fuel electrode was much thicker than the oxygen electrode in this study, R 3 strictly includes that of the oxygen electrode.
As shown in Fig. 4 , all the ASRs increased with increasing V. The slightly increased R ohm at 1.1 and 1.15 V compared with R ohm at OCV was considered due to a decrease in the actual cell temperature because these voltages were in the endothermic region (lower than the thermo-neutral voltage). For electrode polarization, the increase in R 1 and R 2 was considered due to the decreasing performance of the oxygen electrode with increasing i in electrolysis mode. 23) Also, the increasing R 3 indicates that the concentration polarization resistance of the fuel electrode was severely affected i even though H 2 O for electrolysis was supplied in excess. This suggests that reducing the concentration polarization resistance is essential to achieve high U steam and high i operation. Because increase in ASRs indicates higher gradient of iV curves, the observed increasing gradient in electrolysis mode (Fig. 2) was due to the electrode polarizations, namely, primary the activation polarization and secondary the concentration polarization. Although R ohm increased with increasing voltage in Fig. 4 , that was expected to decrease at higher V than the thermoneutral voltage because of the exothermic region. The increase in V significantly occurred at exothermic region, and thus the effect of R ohm on the change in the gradient was considered to be a little.
Limiting steam utilization of SOEC
As shown in Fig. 5 , the concentration polarization of a fuel electrode is caused by the difference in oxygen partial pressure, p O2 , which is calculated from p H2 and p H2O between the electrode surface and the electrode/electrolyte interface under i loading, even if a slight current such as the applied frequency current in EIS is present. p O2 at the electrode surface is determined by p H2 and p H2O of the supplied gas and U steam . p O2 at the electrode/ electrolyte interface is lower than that at the electrode surface due to the concentration polarization resistance, indicating that high concentration polarization resistance leads to the depletion of H 2 O at a lower U steam than the theoretical 100% U steam . This lower U steam is apparently the limit of the actual U steam .
To evaluate the feasibility of high U steam operation for the SOEC, we applied constant i of either 0.63, 0.95, 1.25, or 1.57 A cm ¹2 and supplied a gaseous mixture of 20% H 2 O in H 2 at feed rates corresponding to U steam of 90%, and then measured V for 1 h to stabilize electrolysis condition. The U steam of 90% yielded a Fig. 3 . Impedance spectra for SOEC at 800°C using 20% H 2 O in H 2 at 100 STP mL min ¹1 and air at 100 STP mL min ¹1 under OCV (1.006 V), 1.1, 1.15 V conditions. partial pressure of the unreacted residual water, p H2O;r , of 0.02 atm. Figure 6 shows V for the SOEC at 800°C under constant i and U steam conditions. When i was at 0.63 and 0.95 A cm
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, the SOEC exhibited stable electrolysis operations for 1 h with low V of approximately 1.14 and 1.25 V, respectively. However, with increasing i, V increased to approximately 1.5 V at 1.25 A cm ¹2 and a higher V than 1.8 V, which was the upper limit of V set here to avoid degradation of the SOEC, at 1.57 A cm ¹2 mainly due to the concentration polarization. Furthermore, V at 1.25 A cm ¹2 fluctuated within a range of approximately 0.05 V, possibly due to the fluctuating gas feed capacity in our experimental apparatus. Because the SOEC operation in this measurement was performed under low feed rate conditions, the steam might not have been supplied at an entirely constant rate. Even though V at 1.25 A cm ¹2 was not completely stable, the increase in V was saturated at approximately 1.5 V, indicating that H 2 O was not depleted at the electrode/electrolyte interface under this high i condition.
In conclusion, although both the gas feed method and operating condition have to be optimized to achieve stable electrolysis operation at i higher than 1.25 A cm ¹2 , our experimental results suggest that high steam utilization operation at 1.25 A cm ¹2 in SOECs can be achieved by using a highly porous fuel electrode.
To confirm the validity of the experimental results, we estimated the concentration overpotential, © c , using the following equation:
where R, T, F, i L are respectively the gas constant, temperature, Faraday constant, and limiting current density, and p
H2O and p H2
are respectively p H2O and p H2 at the fuel electrode surface. Also, the effective diffusion coefficient, D eff , of the fuel electrode was related to i L as follows:
where l is the fuel electrode thickness. Figure 7 shows the calculated © c at 800°C and p H2O,r = 0. , which is an extremely high but not impossible value in actual porous fuel electrodes. Thus, our fabrication process successfully yielded a highly porous fuel electrode for high U steam operation in SOECs.
Conclusions
The feasibility of high steam utilization operation in an SOEC using a highly porous fuel electrode was evaluated here based on experimental and calculation results. A technique to control the porous microstructure via an extrusion process successfully yielded a Ni-YSZ fuel electrode possessing high porosity of 54 vol.% with uniform pore size of approximately 0.61.2¯m. Within the electrode, Ni, YSZ, and pores were evenly distributed. The resulting highly porous fuel electrode enabled the SOEC to operate at a high current density region, 1.43 A cm ¹2 , at the thermo-neutral voltage at 800°C using a gaseous mixture of 20% H 2 O in H 2 . EIS measurements and equivalent circuit model analysis revealed that the concentration polarization resistance of the SOEC increased with increasing cell voltage even under a water-rich condition, suggesting that reducing the concentration polarization resistance is crucial to achieve high current density operation. When operating at a high steam utilization of 90% and the resulting residual water partial pressure of 0.02 atm, the SOEC achieved a stable electrolysis operation for 1 h at 0.95 A cm ¹2 . Also, although the cell voltage was not entirely stable possibly due to fluctuations in the gas feed in the used apparatus, the SOEC was able to operate even at a higher current density of 1.25 A cm ¹2 . The calculated concentration overpotential suggested that high steam utilization with high current density is feasible. Although several issues such as the gas flow in the apparatus need further evaluation, we successfully demonstrated the feasibility of high steam utilization operation in SOECs.
